The time scale of stomatal closure and xylem cavitation during plant dehydration, as well as the fate of embolized organs, are under debate, largely due to methodological limitations in the evaluation of embolism. While some argue that complete stomatal closure precedes the occurrence of embolism, others believe that the two are contemporaneous processes that are accompanied by daily xylem refilling. Here, we utilize an optical light transmission method to continuously monitor xylem cavitation in leaves of dehydrating grapevine (Vitis vinifera) in concert with stomatal conductance and stem and petiole hydraulic measurements. Magnetic resonance imaging was used to continuously monitor xylem cavitation and flow rates in the stem of an intact vine during 10 d of dehydration. The results showed that complete stomatal closure preceded the appearance of embolism in the leaves and the stem by several days. Basal leaves were more vulnerable to xylem embolism than apical leaves and, once embolized, were shed, thereby preventing further water loss and protecting the hydraulic integrity of younger leaves and the stem. As a result, embolism in the stem was minimal even when drought led to complete leaf shedding. These findings suggest that grapevine avoids xylem embolism rather than tolerates it.
Dehydration due to transpiration can place plants at risk of xylem cavitation, which results in a loss of conductance to water flow in the plant that, in the absence of regulation of transpiration, will ultimately drive leaf water potentials to catastrophic levels . However, plants do regulate transpiration by modulating stomatal aperture, the dominant resistance in the water transport pathway from the soil to the plant to the atmosphere ( Van den Honert, 1948) . The simplest phenomenological expectation is that plants adjust stomatal aperture to avoid xylem tensions that could trigger cavitation; accordingly, some researchers argue that significant stomatal closure precedes xylem cavitation Hochberg et al., 2016b) . Others believe that the two occur contemporaneously and hypothesize that embolism may play an important role in amplifying the hydraulic signal for timely stomatal closure (McCulloh and Meinzer, 2015; Trifilò et al., 2015; Klein et al., 2016) . Note that the latter requires daily xylem refilling to restore the conductance of the embolized organs; but the only study that compared local xylem pressure and refilling showed that refilling will occur only under positive xylem pressure in grapevine (Vitis vinifera; Charrier et al., 2016) . Understanding the time sequence of stomatal closure and cavitation during drought stress could resolve the extent to which plants can protect their hydraulic integrity.
One of the major challenges in unraveling these controversies is the difficulty of accurate evaluation of embolism . Experimental artifacts (Choat et al., 2010; Wheeler et al., 2013; Pivovaroff et al., 2016) associated with the classic embolism evaluation protocols, such as the centrifuge technique (Pockman et al., 1995) or bench dehydration , can sometimes result in overestimation of the degree of embolism in some species. Moreover, most methods to estimate embolism require the destruction of the evaluated organs; therefore, continuous monitoring is not possible. For that reason, previous publications that address the interaction between stomatal conductance (g s ) and embolism either compare averages from a limited number of time points during the experimental period (Zufferey et al., 2011) or integrate the response functions of embolism and g s to xylem pressure (Brodribb et al., 2003) . In the first approach, experimental variability overcasts the temporal rhythm, while in the second, overlap in the water potential domain (based on equilibrium measurements as in the pressure chamber or psychrometer) does not necessarily imply overlap in the time domain (Rockwell et al., 2014a) .
Visualization techniques such as microcomputed tomography (microCT) and magnetic resonance imaging (MRI) provide reliable measurements of xylem embolism in intact plants (Scheenen et al., 2007; Cochard et al., 2015) and even embolism propagation over time in the same plant (Holbrook et al., 2001; Brodersen et al., 2010 Brodersen et al., , 2013 Choat et al., 2015; Hochberg et al., 2016a) . However, these approaches also have drawbacks: small field of view, long acquisition times, potentially lethal radiation doses for the imaged plant (in the case of microCT), expense, and limited availability of the equipment. Therefore, there is a need to develop reliable, affordable, and accessible methods to evaluate embolism in intact plants. Recently, Brodribb et al. (2016b) introduced an optical method to observe embolism spread through the leaves of intact plants that meets all of the aforementioned criteria. Here, we utilized this method to continuously monitor embolism formation in the leaves of dehydrating grapevine while simultaneously measuring g s , with the goal of resolving their temporal sequence. As the method enabled us to explore embolism in intact plants, we followed the plants' performance after rehydration to determine the fate of embolized leaves. Additionally, embolism of stems and leaves from different nodal positions (older basal versus younger apical leaves) was monitored to characterize the plant-level strategy for maintaining hydraulic integrity.
RESULTS

Experiment 1: Dehydration by Cutting the Root-Stem Junction
The new optical technique (Brodribb et al., 2016b) allowed us to follow the temporal and spatial propagation of embolism in grapevine leaves. The dynamics of embolism propagation highlight the spatial patchiness of the process, in which neighboring vessels tend to cavitate in temporal proximity ( Fig. 1 ; Supplemental Movies S1 and S2).
The results from the first experiment, in which water deficits were induced by severing shoots at the root-stem junction, showed a large temporal separation between stomatal closure and embolism appearance in the leaf (Fig. 2) . Immediately after severing the vine, g s increased by 30% to 60%, probably as a result of decreased epidermal turgor (i.e. wrong-way response or Iwanoff effect; Mott and Franks, 2001 ) after 1.7 6 0.4 h (n = 4). In contrast, it took 5.3 6 1.2 h from the cutting of the vine to develop 1% embolism. At that time (of 1% embolism), g s was 1% to 6% of its initial (precut) value, with absolute g s values of 2 to 6 mmol m 22 s 21 (Fig. 2) , which are similar to published estimates of cuticular conductance (Boyer et al., 1997) , suggesting that the stomata were fully closed. Measurements of leaf water potential (C l ) in the drying vines using a pressure chamber showed that 1% embolism occurred when C l ranged from 21.39 to 21.56 MPa. Wilting occurred primarily in the first 2 h after the shoot was cut and at least 2 h before 1% embolism (Figs. 2 and 3) .
It is important to mention that, in two plants, early cavitation in a single xylem element did occur. In one of them, cavitation was observed 12 min after cutting the vine at the base of the stem, when g s was declining back to the original values following the wrong-way response. In the second vine, a single event was observed 45 min after the vine was severed, when g s was at 33% of its initial value. In both cases, additional cavitation was not observed for several hours. Because the embolized conduits in these two instances were only 1.2 and 2.7 mm long and ;20 mm in diameter (size estimations are based on the changes in light transmission), their contribution to conductance was negligible. A summary of the results from this first experiment is presented as a short movie at https:// www.youtube.com/watch?v=7-X8mmPFek0. Withholding water from intact plants resulted in a similar temporal pattern: plants reached nearly minimal g s (14.2% of initial value) on average 3 d before the appearance of xylem embolism (Fig. 4) . When xylem embolism was detected, leaves had already wilted and g s was less than 10% of the original values, with an average absolute value of 5.4 mmol m 22 s 21 . Analysis of the data from both experiments showed that, for plants that are disconnected from their roots (as in experiment 1) and also for intact plants (as in experiment 2), a reduction of g s to nearly minimal levels occurred at -1.1 MPa and the appearance of leaf embolism occurred at values lower than -1.4 MPa (Fig. 5) . In the second experiment, because embolism and water potential were evaluated once per day, it was not possible to determine the exact value at which embolism appeared. However, the range in which the first appearance was detected (21.46 , C l , 21.75 MPa; based on average C l values of embolism day and the previous day) matched the values that led to embolism in the first experiment (Fig. 5) .
Within 25 h after the first sign of xylem embolism, the plants were rewatered. All leaves regained turgor within 12 h of irrigation, but in the following week, over 50% of the leaves were shed or showed signs of senescence (necrosis and yellowing; Fig. 4 ). Leaves that were not impaired by the dehydration restored their g s to prestress values 5 d after the rehydration. Most of the shed leaves were basal (nodal position index , 0.5; Fig. 6 ), raising the question of whether there were differences in vulnerability to cavitation between basal and apical leaves.
We tested the difference in vulnerability to cavitation due to nodal position by comparing basal and apical leaves on the day that embolism was detected in a leaf from the middle of the shoot. Leaves were measured with both a modified optical method (see "Materials and Methods") and a standard percentage loss of conductance (PLC) measurement. The measurement revealed that gray levels were modified by an average of 5.2% in the basal leaves but only by 0.6% in the apical leaves, suggesting more embolism in the basal leaves. This difference agreed well with the petiole hydraulic measurements, showing that the PLC of petioles from basal leaves was 64%, compared with 39% in the petiole of the apical leaves and 14% in petioles of the control vines. Perhaps more striking than comparing the average difference is that, when comparing leaves from the same shoot, the basal one always showed a significantly higher degree of embolism (either through gray level ratio or PLC) than its respective apical one (P , 0.005, paired-samples Student's t test). Interestingly, and in Images of a dehydrating plant at 0%, 1%, and 50% embolism. The 0% embolism image was taken prior to cutting the vine. The range of g s values of the four plants at 0% and 1% embolism is presented. To facilitate the observation of leaf appearance at different stages, the same leaf is outlined in red in all three images. accordance with the hydraulic segmentation known in grapevine (Charrier et al., 2016; Hochberg et al., 2016a) , the stems of dehydrated grapevine showed only 7% PLC, close to the average value of control plants (Fig. 7) .
Experiment 3: MRI Dehydration
To confirm our finding that leaf shedding occurred without a significant level of stem embolism, we repeated the pot dehydration experiment with one grapevine while stem embolism was evaluated in the intact plant using MRI (Fig. 8) . Wilting occurred 1 week after irrigation was withheld, but it took an additional 3 d to reach 5.9% or 4.1% stem PLC (estimates based on Hagen-Poiseuille calculations from xylem vessel diameter or MRI volume flow maps; Fig. 8 ). At that time (10 d after the last irrigation), the plant was rehydrated, but only four out of 80 leaves regained turgor, and even these quickly turned yellow and were shed (three of these within 1 d after rehydration). Figure 8D shows the appearance of the plant that was dried in the MRI to a mild stem embolism (less than 10%) 3 d after rehydration. A volume flow map (Fig. 8B) showed that large volumetric flow coincides with large diameter vessels and that all large vessels were conductive, including those in the outer periphery of the stem, suggesting that the calculation of PLC from MRI or microCT analysis based on the Hagen-Poiseuille equation is a reliable approach. It is important to note that, because MRI has a minimal flow detection threshold, it is not possible to determine whether the narrowest classes of vessels were conductive.
DISCUSSION
To our knowledge, our results provide the first in vivo measurements of embolism formation in grapevine leaves in concert with g s and stem and petiole hydraulic measurements. A finding of particular interest is that, at C l between 21.1 and 21.4 MPa, stomata were completely closed while cavitation was not yet observed. This observation challenges evidence for the contemporaneous appearance of embolism and stomatal down-regulation (Zufferey et al., 2011) or the hypothesis that the induction of embolism could act as a signal for stomatal closure (Nardini and Salleo, 2000) . While the C l required for almost complete stomatal closure (21.1 MPa) or for embolism induction (21.4 MPa) was similar in both experiments, the time difference between these processes was extended from 4 h in dehydration of excised shoots up to 4 d in pot dehydration and is expected to be even longer for plants with larger root volume. Only under prolonged drought conditions, when the plant has depleted the soil water reservoir, would the critical C l leading to a significant number of leaf cavitation events be expected. Our experimental approach showed that processes occurring in a small interval of C l could be well separated in time, as in the clear temporal separation between stomatal closure and embolism appearance.
Our findings show that a C l low enough to induce leaf embolism also leads to massive leaf shedding, supporting the idea that grapevine employs an embolism avoidance strategy (rather than tolerance) and obviates the need for leaf xylem refilling. In agreement, leaf senescence in many other species was associated with a decline in hydraulic conductivity (Brodribb and Holbrook, 2003; Wolfe et al., 2016) , and while it is hard to determine whether there are causal links between leaf embolism and shedding, or if they are simply coordinated through leaf water status, it appears that a leaf with a higher degree of embolism (those located near the base of a shoot) has a higher chance of being shed. Because grapevine basal leaves tend to have higher (closer to zero) C l than apical leaves (Schultz and Matthews, 1988; Lovisolo and Schubert, 1998) , their high degree of embolism relative to apical leaves ( Fig. 7) probably is not a function of C l differences but rather of differences in vulnerability to embolism among leaves at different positions. The higher vulnerability of basal leaves might originate from their older age and subsequent enhanced development, characterized by higher connectivity, and the increased abundance of air seeding sources compared with apical leaves. With regard to higher connectivity, Chatelet et al. (2006) showed for cv Chardonnay vines that xylem vessel length in basal leaves is longer than in apical ones, characterized by a direct connection (i.e. no intervessel pit membranes) between two of the most vulnerable places in the xylem: the leaf major veins ( Fig. 1 ) and the stem primary xylem (Fig. 8; Brodersen et al., 2013) . This increased connectivity in basal leaves likely facilitates embolism Figure 5 . Similar responses of g s (pink and black) and embolism (cyan and gray) to C l in both experiments. The data are a combination of experiment 1 (cut vines; pink for g s and cyan for embolism) and experiment 2 (intact vines; black for g s and gray for embolism). In experiment 2, because embolism and water potential were evaluated once per day, it was difficult to determine the exact water potential value that led to embolism: the likely range is indicated by the gray area, which is bounded by the average C l taken on the day before and the day of embolism detection. Figure 6 . Percentage of green leaves as a function of nodal position index (node number/total nodes on the shoot) 20 d after rehydration. Leaves from the base of the shoot have much lower chances for survival after a critical water stress compared with leaves located near the shoot apex. Data are averages 6 SE; n = 6. The inset shows a branch at the end of the experiment illustrating the spatial gradient of leaf shedding.
propagation. With regard to the increased abundance of air seeding sources, basal leaves contain more protoxylem lacunae (i.e. a lower proportion of water-filled protoxylem) compared with elongating organs, such as apical leaves or stems. These lacunae are a probable source for gas propagation into the xylem network through shared pits between metaxylem and protoxylem (Lens et al., 2013; Rockwell et al., 2014b) . A higher lacuna abundance, combined with increased connectivity, could explain the increased vulnerability of basal regions compared with apical parts (Fig. 7; Charrier et al., 2016) , leading to functional protection of young, productive leaves over older ones.
The significant difference in embolism degree between basal leaves, apical leaves, and the stem (Fig. 7) agrees well with the plant segmentation hypothesis (Zimmermann, 1983) and adds a new perspective to it in terms of segmentation among leaves from different nodal positions. According to the segmentation hypothesis, plants sacrifice organs of lesser importance and investment to save organs that are critical for longterm survival and propagation (Zimmermann, 1983) . Such segmentation is supported in grapevine by the finding that petioles and roots are more vulnerable to cavitation than stems (Lovisolo et al., 2008; Charrier et al., 2016; Cuneo et al., 2016; Hochberg et al., 2016a) . Combining these previous findings with our observation that, on average, the midrib cavitates before higher vein orders (for clear visualization, see Supplemental Fig. S1 ; Supplemental Movies S1 and S2) points toward the midrib or petiole as the most vulnerable section of the xylem sap pathway in grapevine. Similar observations in several other species using microCT (Scoffoni et al., 2017) or the optical technique (Brodribb et al., 2016a) suggest that high xylem vulnerability of the midrib/petiole is shared by many plants. In agreement, Cochard et al. (2002) found that the leaf rachis in walnut Figure 7 . Higher degree of cavitation in leaves of low nodal position (close to the shoot base). The degree of embolism was compared using two different methods: the change in the veins' gray values from before to after pressurizing the leaf with water (20 mmol of KCl) at 150 kPa for 3 min (A) and the PLC (B). The stems and petioles of high and low nodal position were taken from drying plants when embolism was observed. Control petioles and control stems were taken from well-watered plants. The boxes represent the 25th and 75th percentiles, and error bars indicate SD. In B, similar symbols connected by lines are measurements of petioles or stems from the same shoot, presented to better emphasize the difference between tissues. Asterisks represent significant differences (*, P , 0.005) between petioles from high nodes (average nodal position index was 0.77) and petioles of lower nodes (average nodal position index was 0.34). Data were compared using paired-samples Student's t test; n = 8 and n = 6 for A and B, respectively. Figure 8 . A plant that was dried for 10 d to less than 10% stem embolism while being imaged continuously using an MRI scanner. A, In the MRI water content image, bright pixels represent a high water content (as appears in the reference tube or in sap-filled xylem vessels) and black pixels represent the absence of water (as appears in the pith or in gas-filled xylem vessels). B, In the volume flow map, bright pixels represent a high flow rate and dark pixels represent a low flow rate. C, The PLC was evaluated to be 5.9% based on Hagen-Poiseuille calculation from vessel diameters, as measured in the light microscopy cross section, as opposed to 4.1%, based on the conductance value of the embolized pixel taken from the MRI volume flow map in B. D, This photograph was taken 3 d after the plant was rewatered, showing that drying a vine to a mild degree of stem embolism (less than 10%) results in the shedding of all its leaves.
(Juglans regia 3 nigra) was significantly more vulnerable to cavitation than the stem and slightly more vulnerable than the midrib, describing it as the Achilles heel of the xylem sap pathway. From a functional perspective, the high xylem vulnerability of these organs renders them hydraulic fuses (Zufferey et al., 2011; Wolfe et al., 2016) : in the case that stomatal regulation fails to maintain C above the cavitation threshold, embolism in the petiole and veins of basal leaves, followed by leaf shedding, will prevent further water loss and protect the hydraulic integrity of younger leaves and the stem.
Our findings suggest that the occurrence of stem embolism in commercial vineyards is probably rare. The literature, however, contains many studies showing potted grapevine with significant embolism in their stems. These experiments were designed to quickly generate high xylem tension to test the physical interaction between C and cavitation but not necessarily to simulate natural dehydration. For example, Brodersen et al. (2013) used 0.7-L pots, allowing for very fast dehydration, possibly shorter than the time frame required for biological responses (e.g. ethylene production and the activation of abscission zone cells). In a vineyard, stomatal closure should prevent the soil from drying, and even if it failed to do so, vulnerable basal leaves would be embolized and shed many days before their cuticular conductance could drive the soil to a C that is predicted to cause significant xylem embolism in the stem. For example, when Schultz (2003) stopped irrigation in a cv Chardonnay vineyard (with less than 50 mm seasonal precipitation), it took 3 months to reach a C l of 21.8 MPa, and at the end of that period, the vines had less than half of the leaf area of the irrigated controls. If all lines of defense are breached and the stem is significantly cavitated, assuming rehydration will take place when the plant is still alive, root pressure combined with the absence of leaves should lead to positive pressures for a sufficient time to refill the xylem in the stem, such that it may again sustain negative pressures and allow the emergence of new buds (Knipfer et al., 2015; Charrier et al., 2016) .
Because most cavitation occurred at C lower than 21.5 MPa, long after the leaves had wilted, it is likely that grapevine is less vulnerable to cavitation than some researchers have argued. For example, Jacobsen et al. (2015) present a summary of findings that support 50% loss of conductivity due to embolism in grapevine stems under C ranging from 20.16 to 20.76 MPa. Such C levels are typical of well-irrigated vines with high rates of g s and without any sign of wilting (Herrera et al., 2015; Hochberg et al., 2017) . Based on our data from hydraulic measurements, the optical method, and MRI analysis, it seems unlikely that those water potentials will lead to embolism. In support, microCT visualization of grape showed very few embolized vessels at C . 21 MPa (Brodersen et al., 2013; Charrier Figure 9 . Leaf areas that were used in the different experiments. A, In experiment 1, the red area (1 3 1.7 cm) was imaged using a microscope for embolism detection and the yellow area (2 3 3 cm) was used for gas exchange. Note that measurements of gas exchange and xylem cavitation were carried out on separate leaves attached to the same plant. B, In experiment 2, the green area was imaged using a scanner (the entire area shown). To evaluate the amount of embolism in leaves that were not followed during dehydration, we selected 12 points (red squares) located on second order veins. Gray values of small polygons (;150 pixels; 30 3 500 mm 2 ) from the center of the vein were measured before and after flushing the leaf with water at 150 kPa. et al., 2016; Hochberg et al., 2016a) . Jacobsen et al. (2015) argue that imaging techniques (microCT and MRI) underestimate the degree of embolism, since they account also for young and nonconducting vessels on the outer periphery of the stem, leading to overestimation of maximal conductance and underestimation of PLC. Our flow measurements (Fig. 8B) , however, demonstrate that there are only a few nonconductive vessels and that they could not possibly be the source of the difference between imaging techniques and the values presented by Jacobsen et al. (2015) . In fact, it appears that the small xylem vessels near the pith (possibly primary xylem) are nonconductive. Because these vessels are the first to cavitate ( Fig. 8 ; Brodersen et al., 2013) , their incorporation into the calculation of PLC would actually overestimate the degree of embolism rather than lead to an underestimation of it. Both PLC calculations based on the diameters of all vessels or the MRI volume flow map resulted in a low embolism degree (5.9% or 4.1%, respectively). The apparent contradiction between some previous publications (Jacobsen et al., 2015) and our findings could have resulted from the overestimation of native embolism in grapevine when using both the bench dehydration and centrifuge techniques (McElrone et al., 2012; Hochberg et al., 2016b) . Because many other long-vesseled species were shown to be sensitive to the same artifacts (Wheeler et al., 2013; Torres-Ruiz et al., 2014 Pivovaroff et al., 2016) , we believe that the new optical method, which is not subject to these artifacts, provides an excellent tool to answer some of the controversies regarding plant susceptibility to embolism.
One of the most striking features of grape leaf cavitation is the patchiness of the process (Supplemental Movies S1 and S2), which, in turn, provides strong support for the air seeding hypothesis (Zimmermann 1983) . Discrete areas of the leaf tend to cavitate together, while other areas remain water filled under substantially higher tensions. This finding could imply that vessels in the same area of the leaf have similar vulnerability to cavitation or, more probably, that most vessels are not tested before gas is present in a neighbor with which they share pit connections. Combining the wide range of xylem vulnerability shown by single vessel air injection (Christman et al., 2012; Venturas et al., 2016) and our observation that vessels tend to cavitate mostly after their neighboring vessels are embolized suggests that the patchiness phenomenon is caused by highly resistant vessels that, once embolized, expose a whole region of less resistant conduits to gas. In accordance with the aforementioned vulnerability segmentation, it would make sense that these highly resistant vessels are located in hydraulically critical positions. For example, resilient xylem areas such as the leaf minor veins (Fig. 1) could be separated from the more vulnerable major veins by highly resistant pits. As vessels in major veins are in embolism danger due to connection with protoxylem lacunae (unlike minor veins; Zhang et al., 2016) , reinforcing pits in critical junctions between the major and minor veins would be an inexpensive way to prevent embolism propagation throughout the xylem network.
From a methodological standpoint, our findings support the validity of embolism evaluation techniques. When using the bench dehydration technique to generate tension, the exposure of vessels to air raised concerns that gas could propagate from the cutting point, through vulnerable pits, to the organ under evaluation. The similar C l (21.5 MPa) that led to cavitation in the leaves of detached or intact plants (Fig. 5) suggests that the drying procedure does not affect the leaf xylem vulnerability. It appears that, even when air is introduced into the shoot by cutting, it does not propagate into the leaf if the stems are long enough, providing important evidence that studying leaf xylem vulnerability with the bench dehydration method is a reliable approach. In addition, the findings of the reversed optical method (Fig. 7A) reinforce the validity of embolism detection through light transmission. The increase in light transmission generated by xylem refilling when leaves were pressurized with water at 150 kPa (Fig. 7A) suggests that the decrease in light transmission during dehydration indeed originates from xylem cavitation.
To conclude, our results unfold the temporal sequence of different physiological responses to dehydration. Stomatal regulation is the first safety mechanism activated to avoid the leaf cavitation threshold. If that critical C l is reached despite the down-regulation of g s to minimal values (i.e. cuticular conductance), embolism and shedding of basal leaves further reduce water loss, thereby protecting the hydraulic integrity of the apical leaves and the stem. While it can be difficult to resolve differences in threshold C l for these processes, their separation in time will scale with the size of the soil water reservoir, which is many days under field conditions, highlighting the importance of a temporal perspective for understanding plant embolism avoidance strategies.
MATERIALS AND METHODS
Three experiments were performed in this study. The first two were performed at Harvard University and the third at the Forschungszentrum Jülich. In experiment 1, we studied embolism propagation in leaves of grapevine (Vitis vinifera) plants that were disconnected from their roots while simultaneously measuring their g s , in an attempt to resolve their temporal sequence. In experiment 2, we tried to validate the findings from experiment 1 in intact plants and also understand the fate of leaves experiencing a mild degree of embolism. For that purpose, we withheld irrigation from potted grapevine until the first sign of xylem cavitation in the leaf and then rehydrated them for another 20 d. During that time, we monitored leaf shedding and senescence and measured the PLC of stems and leaves from different nodal positions. In the third experiment, we further studied stem embolism through the continuous monitoring of embolism with MRI during 10 d of dehydration.
The experimental material of the first two experiments consisted of ownrooted cv Chardonnay grapevine planted in 7-L pots. The plants were 3 years old and bore three to five current-year shoots, each ;1.5 m in length with approximately 20 nodes. In the third experiment, we used a 1-year-old cv Chardonnay grapevine grafted on SO4 rootstock in a 7.5-L pot, 2 months after bud burst, bearing four shoots and 80 leaves. Prior to the initiation of the experiments, all pots were irrigated daily to saturation.
Experiment 1: Dehydration through Cutting at the Root-Stem Junction
In experiment 1, four plants were cut at the soil-root interface and allowed to dehydrate for ;48 h at 25°C, 20% relative humidity, and 10 mmol photons m 22 s 21 incandescent light. Two leaves, one for g s and one for embolism visualization, were monitored continuously. Both leaves were fully mature and had a similar nodal position (seventh to ninth leaves from the top) on two separate shoots. In addition, we followed the wilting of leaves during dehydration with a webcam (Logitech 920) programmed to acquire an image every 2 min. g s was measured every 2 min for the first 6 to 8 h of the dehydration using a commercial gas-exchange system (LI-6400; LiCor). The measurements were taken at a constant light intensity (500 mmol m 22 s 21 ) and CO 2 concentration (400 mmol mol 21 ). Additionally, in four of these plants, the C l was measured every 1 to 5 h using a pressure chamber (Soil Moisture Equipment) to provide an ;0.2-MPa interval between C l measurements. C l values between measured time points were interpolated using the best-fit logarithmic model. For C l measurements, we used mature leaves that were at least three internodes distant from the imaged leaf. Embolism spread was evaluated following the method of Brodribb et al. (2016b) , in which embolism is detected by monitoring changes in light transmission through the xylem Ponomarenko et al., 2014) . To provide either high spatial resolution or a large field of view, some leaves were imaged with a light microscope under 7.53 magnification (M80; Leica Microsystems) while others were imaged with a scanner (Epson perfection V800; Epson America). Leaves were imaged every 2 min (microscope) or 30 min (scanner) while drying for more than 40 h. The adaxial side of the leaf was fixed to the scanner/microscope surface using transparent double-sided tape, leaving the stomata uncovered. The leaf was illuminated from below to create an image of transmitted light, which was recorded by the scanner sensor or a digital camera (DFC290; Leica Microsystems). In the microscope, the imaged area of 17 3 10 mm encompassed all vein orders including the midrib; each image consisted of 1,920 3 1,080 pixels, resulting in a resolution of 8.8 mm per pixel (Fig. 9A) . In the scanner, the imaged area consisted of half the leaf (including midrib) with a resolution of 21.3 mm per pixel.
To identify and quantify embolism events, image analysis was carried out using a custom algorithm executed in MATLAB (Mathworks). Consecutive images were subtracted to produce a set of difference images. In this series of subtracted images, white pixels represent any optical event: cavitation, instability of light conditions, and movements of the leaf, a trichome, or a bug. To separate the signal (cavitation event) from noise, the difference images were processed according to the following sequence: a brightness increase (25%), a median filtering using 3 3 3 neighboring pixels, a threshold adjustment (8%), and a second median filtering. The resulting images typically contain some degree of noise, normally originating from movements of trichomes or bugs, which therefore bear their shape. All images were examined carefully, and the remaining noise was removed manually. The degree of embolism was calculated as the cumulative number of embolized pixels normalized to the total number of embolized pixels throughout the dehydration. Finally, to visualize the dynamics of embolism spread through the leaf, events were colored on a continuous scale with respect to the time at which they appeared. To ensure that the imaging process itself did not result in cavitation, a fifth intact vine (i.e. still connected to its roots) in wet soil was imaged for 4 d without showing any sign of cavitation.
The light emitted by the gas-exchange system and the microscope could have resulted in higher transpiration rates and, thus, lower C l for the measured leaves relative to those exposed only to room light (Rockwell et al., 2014a) . To evaluate the C l of these leaves, the dehydration experiment was repeated with four additional vines, with the difference that the experiment was stopped when g s was equal to 20 mmol m 22 s 21 in order to evaluate C l using an isopiestic thermocouple psychrometer (Boyer, 1995) . Leaf discs (2 cm 2 ) from the illuminated parts of the leaves in the gas-exchange system and microscope, as well as from two leaves exposed to room incandescent light, were excised directly into a psychrometer cup. To statistically compare the effect of the measurement conditions on the C l of the leaves, the C l differences between the illuminated leaves (microscope or gas-exchange system) and the leaves under room conditions were calculated. These C l differences were averaged and compared with each other (microscope versus gas-exchange system) using a two-tailed Student's t test, showing that when g s was 20 mmol m 22 s 21 , leaves that were illuminated by the microscope or the gas-exchange system had, on average, 0.07 or 0.13 MPa lower C l (n = 4), respectively, than leaves exposed to room light. There was no significant difference in C l between the leaves in the gas-exchange system and the microscope (P = 0.55). Since C l differences were relatively small and are expected to be even smaller at the lower C l leading to cavitation (lower g s ), they were not considered. Therefore, g s and embolism were plotted against the C l of leaves exposed to room light that could be slightly higher than the C l of measured leaves (for g s or embolism).
Experiment 2: Dehydration of Intact Plants
In the second experiment, six vines were subjected to a dehydrationrehydration cycle lasting for 25 to 30 d. Additionally, three vines were maintained under constant well-watered conditions to serve as controls for the six experimental vines. Since imaging of all the repetitions could not be performed simultaneously, the experiment was repeated three times. In each repetition, three plants (two drying and a control plant) were monitored. The experiment was performed in a controlled environment (BDW80; Conviron) with day/night cycles of 14/10 h and temperatures of 25°C/20°C, respectively. Light intensity was 400 mmol m 22 s 21 , supplied from metal halide and halogen incandescent lamps, and relative humidity was between 50% and 75%. During the whole experiment, embolism spread in one leaf per plant was visualized continuously. Additionally, C l , g s , and symptoms of leaf senescence were monitored frequently (at least 15 times per experiment). C l and g s were measured at midday as described for the first experiment only on mature healthy leaves. The dehydration lasted for 5 to 10 d (depending on dehydration rate) and was stopped when the first leaf xylem embolism was observed. Because embolism appearance was evaluated once per day, rewatering occurred anywhere between 1 and 25 h after the first event was detected. From that day onward, the plants were irrigated to saturation daily. The experiment was terminated around 20 d after rehydration when a new emerging bud reached 2 cm in length. Buds appeared from the apical parts of the shoot. Xylem embolism was evaluated similarly to the method described above for the first experiment. The upper part of the adaxial side of an intact leaf from the middle of the shoot was taped, using transparent double-sided tape, to the scanner surface (Epson perfection V800; Epson America; Fig. 9B ). The abaxial part of the same leaf remained exposed to the atmosphere, allowing free gas exchange (grapevine is hypostomatous). Three times per day, in the beginning, middle, and end of the light period, the scanner lid was closed and an image was acquired. Aside from imaging time (8 min per scan taken three times per day), the scanner lid remained open to expose the leaf to ambient light and atmospheric conditions. Image analysis was performed as described above for the first experiment.
At the beginning of the dehydration cycle, leaves longer than 3 cm were counted. After the initiation of the experiment, the status of leaves was evaluated frequently to determine if they were damaged (at least 20% of the leaf with signs of necrosis), yellow (at least 20% with yellowing), or shed. A summary of these categories indicated the number of damaged leaves. To understand the relation between position along the shoot and the effects imposed by the drought, we assigned a nodal position index (between 0 and 1) to each leaf based on its actual nodal position (distance from the trunk in nodes) and the total number of nodes on the same shoot.
To compare the degree of embolism in leaves at low and high nodal positions, five more vines were dried in their pots for about 1 week. On the day when xylem embolism was detected in a leaf from the middle of the shoot, the plants were taken to the laboratory and eight shoots (from the five plants) were cut at their base under water. To evaluate the degree of embolism, we reversed the optical light transmission technique (Brodribb et al., 2016b) so that leaves were first imaged under native conditions (with potential embolism), pressurized with water at 150 kPa for 3 min to remove embolism, and then imaged again to see which vessels refilled. Throughout this process, the leaf was tightly taped to the scanner surface to minimize its movement. To avoid cavitation induced by cutting under tension (Wheeler et al., 2013;  shown to occur in grape petioles by Hochberg et al., 2016b) , the shoot base was maintained under water for 10 min to relax the xylem tension before harvesting the leaves. Then, the base of the petiole was cut under water, connected to tubing, and taped to the scanner.
Because pressurizing the leaf at 150 kPa resulted in substantial movement of the leaf, an alternative approach to evaluate the degree of embolism had to be taken. Instead of relying on whole-image subtraction (described for experiment 1) to produce difference images, we adopted a subsampling technique that is less vulnerable to movement of the leaf. Specifically, we measured the gray values in two polygons (;150 pixels each) per vein for six second-order veins located close to the leaf apex (detailed illustration in Fig. 9B ). Only pixels from the center of the veins were selected. The same polygon was measured on both the before and after flushing images, and the relative change in gray values were calculated.
To validate the measurements conducted with the optical technique and provide metrics comparable to other studies, we quantified the degree of embolism in petioles from different nodal positions and the stem by hydraulic measurements. Two petioles per shoot (one from high and one from low nodal positions) were harvested under water from six tension-relaxed (10 min of relaxation) shoots and their PLC was measured with a Sperry-type apparatus . With the same six shoots, one stem segment per shoot located at the center of the shoot was harvested and its PLC was determined. The downstream ends of the petiole or stem were connected to tubing, and the flow rates were monitored using a precision balance (CPA225D; Sartorius) connected with a personal computer. The flow passing through the stem/petiole section was generated by a 5-cm-high pressure head, with filtered (0.2 mm) 20 mmol of KCl solution used as the perfusion fluid. To reach the maximum conductance of a measured sample, petioles/stems were flushed for 3 min with a pressure head of 150 kPa, after which the flow direction was reversed and the sample was flushed again for another 3 min. To provide control values for both the relative change in gray values and PLC, six shoots from three well-watered vines were harvested and assessed as described above.
Experiment 3: MRI Dehydration
Some researchers argue that the xylem relaxation procedures could lead to xylem refilling and, thus, to underestimation of the native embolism degree (Trifilò et al., 2014; Knipfer et al., 2016) . To assess the importance of such an effect in our analysis, we repeated the pot dehydration experiment (experiment 2) using MRI to monitor the degree of stem embolism in an intact vine. The imaged area was located 75 cm above the pot surface (45 cm from the graft) and 150 cm below the apex. The vine was left to dry in the imager under artificial light (300 mmol photons m 22 s 21 ) until ;10% embolism was detected and then rehydrated to reveal the fate of its leaves. The 10% embolism was roughly estimated through comparison of the apparent number of total and embolized vessels. More accurate evaluations of embolism were performed only after the experiment was stopped, as described below. All MRI work was done at the Institute for Bio-and Geosciences 2: Plant Sciences at the Forschungszentrum Jülich. The MRI scanner consisted of a Varian spectrometer, a 4KW RF amplifier, a set of 400A gradient amplifiers, and a custom-built 1.5 T superconducting magnet with a 50-cm vertical gap (Magnex Scientific). The magnet was fitted with an 800 mT/m biplanar gradient set (Tesla Engineering) and a 10-turn solenoidal RF coil. To create the coil, a Teflon former with a diameter of 15 mm (i.d.) was placed around the stem and a 0.5-mm copper wire was wound onto the former by hand and connected to a detachable tuning module.
Flow imaging was done using a pulsed field gradient-stimulated echomultispin echo sequence, based on the sequence described by Windt et al. (2007) . The following settings were used: field of view, 10 3 10 mm; slice thickness, 3 mm; matrix size, 128 3 64 pixels; pixel size, 78 3 156 mm; repetition time, 2.5 s (two averages); spectral width, 50 kHz; TE 1 , 11.3 ms; and TE, 4.7 ms. Flow encoding used 32 Q steps, D 40 ms, d 3 ms, and PFGmax 400 mT/m. While this sequence in principle would allow the acquisition of an echotrain with many echoes, in this study, only the first four echoes were used and averaged. The velocimetric data were processed as described by Scheenen et al. (2007) and Windt et al. (2006) to yield quantitative flow maps representing the amount of stationary water per pixel, the flow-conducting area per pixel, the average linear velocity of the flowing water, and the average volume flow per pixel.
Amplitude-T 2 imaging was done using a Carr Purcell Meiboom and Gill sequence with the following settings: field of view, 10 3 10 mm; slice thickness, 3 mm; matrix size, 256 3 256 pixels; pixel size, 39 3 39 mm; number of averages, eight; TE, 7.74 ms; number of echoes, 32; repetition time, 5 s; and spectral width, 50 kHz. The acquired data sets were fitted on a per pixel basis using a monoexponential decay function to yield quantitative maps of amplitude (water content per pixel) and T 2 (Edzes et al., 1998; van der Weerd et al., 2000) .
The PLC derived from MRI images was calculated in two different ways. In the first, the maximum hydraulic conductance (k max ) was estimated as the sum of the theoretical hydraulic conductance of each vessel, based on its diameter (determined from the light microscopy cross-sectional image), and calculated according to Hagen-Poiseuille flow. The conductance loss (k loss ) was calculated on the basis of the diameters of the xylem vessels that turned black (gas filled) in the water content image. In the second approach, we overlaid the MRI water content image showing the embolism (Fig. 8A) with the MRI volume flow map from before embolism appearance to evaluate hydraulic conductance. k loss was the sum of flow values of the pixels that turned black in the water content image, and k max was the total flow based on the MRI volume flow map. PLC was calculated as k loss /k max 3 100 .
Data and Statistical Analysis
g s varied between the two experiments and between repetitions even before the treatments commenced, when all plants were under well-watered conditions. For a clear presentation and to allow comparison of the different experiments, all g s data were normalized and are presented as percentage of before-treatment values.
In the second experiment, dehydration time for the six plants ranged from 5 to 10 d, probably because leaf area and dehydration rate were not identical across all plants and through the three different dehydration periods. For a clear presentation of the data, the dehydration period was stretched to the average dehydration period (7.16 d). For example, if it took only 5 d to reach embolism, every day was considered as 7.16/5. The degree of embolism or PLC was compared between apical and basal leaves using a paired-samples Student's t test, where samples from the same shoot were considered as pairs.
Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1 . Comparing embolism in different vein orders.
Supplemental Movie S1. Time lapse of embolism propagation in a grapevine leaf imaged with the microscope during 28 h after it was disconnected from its roots.
Supplemental Movie S2. Time lapse of embolism propagation in a grapevine leaf imaged with a scanner during 28 h after it was disconnected from its roots.
